Allosteric regulation plays an important role in a myriad of biomacromolecular processes. Specifically, in a protein, the process of allostery refers to the transmission of a local perturbation, such as ligand binding, to a distant site. Decades after the discovery of this phenomenon, models built on static images of proteins are being reconsidered with the knowledge that protein dynamics plays an important role in its function. Molecular dynamics simulations are a valuable tool for studying complex biomolecular systems, providing an atomistic description of their structure and dynamics. Unfortunately, their predictive power has been limited by the complexity of the biomolecule free-energy surface and by the length of the allosteric timescale (in the order of milliseconds). In this work, we are able to probe the origins of the allosteric changes that transcription factor mixed lineage leukemia (MLL) causes to the interactions of KIX domain of CREB-binding protein (CBP) with phosphorylated kinase inducible domain (pKID), by combing allatom molecular dynamics with enhanced sampling methods recently developed in our group. We discuss our results in relation to previous NMR studies. We also develop a general simulations protocol to study allosteric phenomena and many other biological processes that occur in the micro/milliseconds timescale. metadynamics | replica exchange | protein conformational dynamics A llostery is a key process in cellular regulation (1-3), in which a perturbation by an effector leads to a functional change at a distant substrate binding site (4, 5) through alteration of the structure (6, 7) and/or dynamics of the protein (8). Although this process is well known and commonly observed in several biological contexts (9-12), its exact mechanism is still debated (13, 14) . Often, allostery has been related to changes in the dynamics of the protein (8, 15) . In this scenario, the role of the effector is to alter the distribution of conformations visited by the protein, enhancing the probability of those configurations for which binding of the ligand is more favorable (5, (16) (17) (18) . It has been suggested that this process might take place via the interaction of the effector with an unstructured part of the protein. This change is then propagated to large distances via the more rigid parts of the protein (14). To validate this picture, it is important to study the dynamics of these biomolecur systems. Although much useful information on the conformational flexibility of a protein can be obtained from solution NMR, its limited time resolution prevents resolving the structure of those metastable states whose lifetime is shorter than a few milliseconds. The existence of these states can, however, be inferred from relaxation dispersion NMR, and their lifetime can be estimated (19) (20) (21) (22) . Because these short-lived metastable states are not directly observable using standard NMR spectroscopic techniques, they are referred to as invisible states.
Allosteric regulation plays an important role in a myriad of biomacromolecular processes. Specifically, in a protein, the process of allostery refers to the transmission of a local perturbation, such as ligand binding, to a distant site. Decades after the discovery of this phenomenon, models built on static images of proteins are being reconsidered with the knowledge that protein dynamics plays an important role in its function. Molecular dynamics simulations are a valuable tool for studying complex biomolecular systems, providing an atomistic description of their structure and dynamics. Unfortunately, their predictive power has been limited by the complexity of the biomolecule free-energy surface and by the length of the allosteric timescale (in the order of milliseconds). In this work, we are able to probe the origins of the allosteric changes that transcription factor mixed lineage leukemia (MLL) causes to the interactions of KIX domain of CREB-binding protein (CBP) with phosphorylated kinase inducible domain (pKID), by combing allatom molecular dynamics with enhanced sampling methods recently developed in our group. We discuss our results in relation to previous NMR studies. We also develop a general simulations protocol to study allosteric phenomena and many other biological processes that occur in the micro/milliseconds timescale.
metadynamics | replica exchange | protein conformational dynamics A llostery is a key process in cellular regulation (1) (2) (3) , in which a perturbation by an effector leads to a functional change at a distant substrate binding site (4, 5) through alteration of the structure (6, 7) and/or dynamics of the protein (8) . Although this process is well known and commonly observed in several biological contexts (9) (10) (11) (12) , its exact mechanism is still debated (13, 14) . Often, allostery has been related to changes in the dynamics of the protein (8, 15) . In this scenario, the role of the effector is to alter the distribution of conformations visited by the protein, enhancing the probability of those configurations for which binding of the ligand is more favorable (5, (16) (17) (18) . It has been suggested that this process might take place via the interaction of the effector with an unstructured part of the protein. This change is then propagated to large distances via the more rigid parts of the protein (14) . To validate this picture, it is important to study the dynamics of these biomolecur systems. Although much useful information on the conformational flexibility of a protein can be obtained from solution NMR, its limited time resolution prevents resolving the structure of those metastable states whose lifetime is shorter than a few milliseconds. The existence of these states can, however, be inferred from relaxation dispersion NMR, and their lifetime can be estimated (19) (20) (21) (22) . Because these short-lived metastable states are not directly observable using standard NMR spectroscopic techniques, they are referred to as invisible states.
An allosteric system in which the existence of such an invisible state has been ascertained is the KIX domain of the CREBbinding protein (CBP), when bound to the transcription factor Mixed Lineage Leukemia (MLL). Indeed, it has been found that the binary complex MLL:KIX has a conformational transition between a high populated ground state and a short-lived (∼3 ms) excited state (23) . Intriguingly, the binding affinity for ligands that bind to the second, remote binding surface on the KIX domain, such as the Phosphorylated Kinase Inducible Domain (pKID) of CREB is approximately doubled when the MLL effector is present (24, 25) . The hypothesis that has been made is that the structure of the invisible state is similar to that of the MLL:KIX moiety in the ternary compound (MLL:KIX:pKID) (23) . In this ternary structure, a small number of residues change their chemical shift. These residues form a putative allosteric network. Particularly prominent is the change in Ile657 (23) .
However, this information alone is not sufficient to fully characterize the excited state and prove the hypothesis of its relation to the ternary complex. Nor does it give a clue to the actual mechanism responsible for the allostery (23, 26) . Allatoms molecular dynamics (MD) simulations could in principle fill in the missing information. Unfortunately, standard MD has a timescale limitation, and only phenomena that take place on the scale of microseconds can be accessed with currently available computational resources. Such a limitation can be lifted by modern enhanced sampling methods as we shall show below. With these methods, phenomena that take place on the timescale of milliseconds can be accessed with the use of standard computer architectures. This approach, which is based on an extension of metadynamics, allows us to confirm the existence of a short-lived metastable state and to dissect the mechanism that is responsible for allostery.
Sampling Methods
As stressed earlier, to be able to observe the excited state of the MLL:KIX complex, it is necessary to use enhanced sampling methods. Among the many methods suggested, we use here Well-Tempered Ensemble (WTE) (27) , which is a particular form of metadynamics (28, 29) in which the energy is used as collective variable (CV).
The equations of motions in the well-tempered ensemble are (27) : where U(R) is the potential energy, R is the full set of atomic coordinates, V(U,t) is the time dependent bias, m are the atomic masses, and γ is equal to
whereas ω and ΔT are parameters that have the dimension of an energy rate and a temperature, respectively. Asymptotically, V(U,t):
Within an irrelevant constant:
N(U) is the number of the states of energy U. The bias V(U,t) quickly converges to its asymptotic limit, and the configurations are distributed according to the ensemble defined by the partition function:
In the WTE, the average energy is identical to that obtained in a canonical simulation, and all of the other canonical averages can be obtained by a reweighting technique (30) . The energy fluctuation can be amplified by varying the parameter γ. This effect is particularly advantageous in the context of Parallel Tempering (PT) (31) because it allows reducing drastically the number of replicas (27, 32) . Following this scheme, we were able to sample the conformational space of the binary complex using only eight replicas (Materials and Methods). However, a straightforward application of this approach is problematic. In fact, the protein would unfold at the higher temperatures and explore regions of the conformational space that are not relevant for room-temperature dynamics. To solve this problem, we restrained the backbone of the protein while allowing a significant degree of conformational flexibility (Materials and Methods). It must be pointed out that all of the parameters of the constraints have been set such that, at room temperature, they are not active and the natural dynamics of the system is respected (SI Appendix). This protocol allowed us to sample extensively the MLL:KIX native state ensemble in only 100 ns of PT-WTE simulation (Fig. 1B) .
Comparison with Experimental Data
Our calculation has been checked by comparing our results with experimental data (33) . In particular, we compare the Nuclear Overhauser Effect (NOE) signals and Residual Dipolar Couplings (RDCs), which were used as constraints in structural determination by Tollinger and collaborators (34) . Both for the NOEs and RDCs, we found results in agreement with the data of Brüschweiler et al. (34) . The average NOE violation of the distance restraint was 0.15 ± 0.01 Å, and, for the RDC, we obtained a Q-factor (35, 36) of ∼ 0.4 (SI Appendix). These values reassured us of the reliability of our model (37-39).
Excited State Characterization
As stated in the Introduction, the excited state of the MLL:KIX complex is expected to be structurally correlated to the MLL: KIX:pKID (23) . However, the secondary structure of the KIX domain is remarkably similar in the binary and in the ternary complex (34) . Indeed, measurable structural differences were observed for only a small number of amino acids. The most sizable change is a rotation of the Ile657 χ1 dihedral angle, which favors the interaction with the pKID domain (34) . Thus, we shall use the Ile657 rotameric states to identify the excited state of MLL:KIX. A rather long (about 300 ns) standard MD simulation started from the binary NMR experimental structure (see SI Appendix for details) did not show any change in the Ile657 orientation. In contrast, the 300 K replica of the PT-WTE simulation was able to explore different rotameric states (Fig. 2) . This enhanced sampling allowed us to study all of the different dynamical states of the system. Indeed, from the analysis, we found that the values of the Ile657 dihedral χ1 angle are centered around three values: ∼+1, ∼−1, and ∼−3 rad, and their lifetimes are rather different. Although the ∼+1 and ∼−1 rad states remained stable in nonbiased MD simulation of the order of ∼300 ns, the ∼−3 rad state in a few picoseconds rapidly reverted to the χ1 ∼−1 rad state (SI Appendix).
In the binary state, χ1 is ∼−1 rad whereas, in the ternary, it is ∼+1 rad. Thus, the set of states with χ1 ∼ −1 rad is then sampled from the ground state whereas those with χ1 ∼ +1 rad belong to the binary excited state. The state with χ1 ∼ −3 rad is too shortlived to be observed in relaxation dispersion NMR measurements and can be thought of as belonging to the dynamical manifold of the ground state.
The estimated population of the excited states is about 4%, in reasonable agreement with the experimental estimate of 7% (23). We did not attempt to measure the NMR chemical shifts that can be detected in relaxation dispersion experiment because these changes are smaller than the accuracy of the current chemical shift predictors (40) (41) (42) (43) . However, we can calculate the average interatomic distances in the ground and in the excited (34) (PDB ID code 2LXT). The KIX backbone (residues 593-672) is shown in blue, MLL backbone (residues 2837-2857) is in red, whereas the pKID is green (residues 117-131). The Ile657 is drawn in purple; instead, the other residues, which form the allosteric network (residues I611, F612, Y650, H651, A654, I657, Y658, and K659), are in yellow. (B) Representation of the conformational space sampled by the 300 K replica of the MLL:KIX PT-WTE simulation. state and compare them with the experimental NOE restraints measured in the binary and ternary compounds.
We found that our ground state satisfies better the binary constraints whereas the excited state distances are closer to the ternary data as reported in Table 1 . If, to reduce the noise, we limit ourselves only to distances in which at least one amino acid in the allosteric network (23) is involved, the agreement of the ground state and of the excited state conformation with the binary and ternary complex, respectively, is significantly improved.
These results indicate that the simulated excited state is structurally closer to the MLL:KIX:pKID system than the ground state, in agreement with ref 34 , and that the conformation of Ile657 is a good indicator of the dynamical state of the system.
We can now move with some confidence to analyze the behavior of all of the other residues involved in the allosteric mechanism. In this case, we have an advantage over the NMR experiments because the smallness of the chemical shift variations does not allow a straightforward structural interpretation. We report in Fig. 3 the free-energy surface (FES) of the Ile611 χ1 dihedral angle, which is representative of the small changes that take place in going from the ground to the excited state. In fact, it can be seen that, in the excited state, the Ile611 χ1 ∼ −3 rad state is not populated. Similar analyses for all of the other allosteric residues are reported in SI Appendix. The different rotameric distribution explains the small differences in chemical shifts seen by Brüschweiler et al. (23) . It must be stressed that, contrary to what happens with Ile657, these different rotameric states were spontaneously visited in ordinary 100-nslong simulations (SI Appendix).
Allosteric Mechanism
To get an insight into the dynamics of the KIX domain in the MLL:KIX complex, we performed a Principal Component Analysis (PCA) on the 300 K replica of our PT-WTE, taking into account all of the Cα atoms with the exclusion of the terminal ones. The first eigenvector, which accounts for a large fraction of the variance (SI Appendix), is pictorially represented in Fig. 4 . In this mode, the fluctuations of the flexible L 12 -G 2 loop are coupled with smaller variation in the α 1 -α 3 helices arrangement. This evidence suggests that L 12 -G 2 loop conformation, whose position is affected by the presence of MLL, might influence the hydrophobic core and thus the dynamics of the sidechains involved in the allosteric pathway. Previous experimental and computational studies have also suggested a possible role for the L 12 -G 2 loop and for the helices arrangement (5, 23, 34, 44, 45) .
The energetics associated with this movement can be studied by introducing two suitable chosen CVs. These variables are introduced here only to analyze the results of the simulation (30), and not to bias it. The first CV describes the fluctuations of the L 12 -G 2 loop and is the root-mean-square deviation (rmsd) relative to the loop configuration in the experimental MLL:KIX structure. The other CV is introduced to describe the opening of the hydrophobic core. This one is less straightforward to explain and requires some preliminary discussion. We had initially thought that a good way of describing this motion could have been to consider the three eigenvectors of the gyration tensor of the more rigid part of the α 1 -α 3 helices, given that α 2 is not really taking part in the movement. In so doing, we noticed that the second eigenvector was sufficient to provide a good description of the opening and closing of the hydrophobic core. Therefore, we chose the squared root of this eigenvalue as the second CV. The FES as a function of these two variables is reported in Fig. 5A , and it shows three energy minima corresponding to the three different positions of the loop (up, intermediate, and down).
It must be noted that, in the lowest free energy basin, which corresponds to a loop configuration similar to the experimental binary structure, both the gyration moment and its fluctuations are at their largest. Thus, we conclude that the opening of the KIX hydrophobic core is easier when the loop is up. In the lack of an experimental structure for the KIX domain alone, we compare in Table 2 the values of our two CVs averaged over the available experimental MLL:KIX and KIX:pKID NMR structures (46) (PDB ID code 1KDX). It is seen that the MLL:KIX structures are in the global minima when the loop is in the up position, and instead the KIX:pKID structures correspond to a minimum in which the loop is in the intermediate position and the hydrophobic core is slightly closed (SI Appendix).
We now show that, when the hydrophobic core is more open, it is easier for Ile657 to rotate, suggesting the necessity to estimate the barrier. Unfortunately, this value cannot be obtained by reweighting the PT-WTE trajectories because PT simulations have difficulty in sampling the transition states. Thus, we performed 0.14 ± 0.01 0.28 ± 0.01 MLL:KIX:pKID (allosteric residues) 0.14 ± 0.01 0.11 ± 0.01 Fig. 3 . Reweighted free-energy surface as a function of the Ile657 χ1 angle and the Ile611 χ1 angle using isosurfaces of 1 kcal/mol. We have highlighted in red the excited state ensemble and in green the ground one. an extra metadynamics simulation using the Ile657 χ1 angle as biasing CV, while the opening of the hydrophobic core was constrained. We see from the FES of Fig. 5B that there is a small but measurable (>1 kcal) difference in the barrier weight, which favors the rotation from −1 rad to +1 rad when the KIX core is more open. Although a thorough investigation of the FES would require the use of several CVs, our results clearly show that the transition from the ground to the excited state is favored when the KIX's core is open because it allows an easier conformational rearrangement of the Ile657 sidechain. A similar dependence of the rotameric population is seen also in all of the other residues involved in the allosteric pathway (SI Appendix).
With these results in mind, we can summarize our idea of the allosteric mechanism in the MLL:KIX complex. When MLL binds to the KIX domain, the loop moves up to interact with this ligand. With the L 12 -G 2 loop in this position, the KIX hydrophobic core can have a less compressed conformation. In this configuration, the Ile657 rotates more easily and the MLL:KIX complex can move from the ground state to the excited one. The binding of the effector induces a perturbation in the loop region, and this motion is passed on through the semirigid α-helix region (14) . This in turn changes the distribution of dynamical states (5, 19) .
Conclusion
In this work, we used an advanced simulation protocol based on the PT-WTE approach to fully characterize the conformational flexibility of the KIX domain bound to the effector MLL. This sampling scheme allowed us to sample and study phenomena that occur in the millisecond timescale using a limited amount of computational time. In this way, we can obtain a structural and dynamical characterization of an allosterically relevant excited state, which has been previously detected but not structurally resolved in relaxation dispersion NMR experiments (23) . Furthermore, our simulations provide a general picture of the allosteric mechanism in the KIX domain. Previous computational and experimental studies have already speculated that the L 12 -G 2 loop has a role in the allosteric transition (24, 44) . Our results clearly show that the loop dynamics is tightly coupled with the opening of the hydrophobic core. This coupling, in turn, affects the dynamics of allosteric-relevant residues, such as Ile657, ultimately leading to an increase of the binding affinity for the substrate.
Materials and Methods
Molecular Dynamics Simulations. All MD simulations were performed using Gromacs 4.5.3 (47) with PLUMED 1.3 plug-in (48) for the enhanced sampling scheme. MLL:KIX was modeled using AMBER99SB all-atom force field (49), with the Best and Hummer correction for the backbone dihedral angles (50) and with Ile-Leu-Asp-Asn sidechain angles correction of ref. 51 . Recent studies have showed that this is one of the best available force fields for protein simulations (50, 52, (53) (54) (55) . We start all of the simulations from the MLL:KIX structure (34) (PDB ID code 2LXS), which was solvated in a truncated dodecahedron box with periodic boundary conditions with ∼8,500 TIP3P (56) water molecules. The system was minimized and equilibrated (see SI Appendix for further details). To further equilibrate the system, a preliminary 100-ns-long MD simulation at room temperature is performed in the NVT ensemble. During this run and in all of the calculations described below, constant temperature was obtained by means of the stochastic rescaling algorithm (v-rescale) described in ref. 57 .
Metadynamics Simulations. PT-WTE. We adopted the PT-WTE (27) scheme with eight replicas that span a temperature interval, ranging from 300 K to 450 K according to the distribution proposed in ref. 58 . To obtain a reasonable overlap of the energy distributions in neighboring replicas, we set the γ-factor equal to 40. The metadynamics bias in potential energy space was constructed depositing Gaussians with a width of 47.77 kcal/mol, a height of 0.59 kcal/mol every picosecond. We used well-tempered metadynamics to rescale the Gaussian weight factor, ensuring the theoretical convergence of the metadynamics run (59) . The starting configuration of the MLL:KIX of the PT-WTE calculations corresponds to the final structure obtained after the preliminary MD run described above. To avoid protein unfolding in high temperature replicas and to focus the sampling on the physically relevant regions of KIX:MLL configurational space, we applied harmonic restraints on the protein backbone. Four different restraints were implemented: two for the KIX domain (α-helices stability and loop movement), another for the MLL α-helix, and the last one to keep the MLL bounds to the KIX domain. The parameters of these restraints were chosen to allow a significant degree of conformational flexibility that exceeds the fluctuations observed in preliminary 100-ns-long MD runs at room temperature and allows the KIX domain to sample the configurations corresponding to the NMR structures of both the binary KIX:MLL and ternary MLL:KIX:pKID complexes (34) . A posteriori analysis of the PT-WTE trajectories confirmed that the constraints , we obtain the black curve whereas, when it is more compressed (second eigenvalue of the inertia moment < 3.7 Å), we have the green one. atom of the following residues: L607, V608, Q609, A610, I611, F612, Y650,  H651, L652, L653, A654, E655, K656, I657, Y658, K659, I660 , and Q661. We used the square root of the second eigenvalue of the gyration tensor as CV (60) . If we approximate the shape and the mass distribution of these residues with an ellipsoid, this CV corresponds to the middle radius. Instead, to describe the L 12 -G 2 loop position in the PT-WTE simulation, we calculated the rmsd with respect to the loop configuration in the experimental MLL:KIX structure (34) . For this calculation, first we fit the PT-WTE structures to the experimental one using the backbone atoms of these residues: from R600 to P613 and from D622 to K662. Then, we used the L 12 -G 2 loop backbone atoms, from T614 to K621, for the rmsd calculation.
Well-tempered metadynamics. The FES reported in Fig. 5B were computed by means of well-tempered metadynamics (WT-MetaD) (59) simulations. WTMetaD bias was applied on the χ1 dihedral angle of Ile657 by adding a Gaussian-shaped bias with hills height of 0.12 kcal/mol and width of 0.05 rad each picosecond. The bias factor is set equal to 10. We thus compute the Ile657 χ1 angle in cases of expanded core (second eigenvalue CV2 > 3.7 Å) and compact core (second eigenvalue CV2 < 3.7 Å).
NOE and RDC Calculations. To predict NOEs from our simulations, we used the r −6 averaging of the internuclear distance r proposed in ref. 37 . These averages can be compared with the corresponding NMR-derived distance restraints (37, (61) (62) (63) . Thus, we calculated the violation of the NOE for a particular pair of hydrogen atoms i and j as:
ij ae −1=6 − nmr ij ; [7] where r is the distance between i and j during the PT-WTE simulation, and nmr ij is the experimental NOE distance. The violation v ij is considered zero if AEr −6 ij ae −1=6 − nmr ij because negative deviations cannot be considered violations (37) . System-averaged violations correspond to the average of all of the individual violations over all N experimentally determined NOEs. The error is calculated using the block-averaging analysis described by Grossfield and Zuckerman (64) . We used PALES (65) to back-calculate the RDC from our PT-WTE simulation, adopting the SVD method to calculate the alignment tensor.
